Pulse wave velocity (PWV), a marker of arterial stiffness, is known to change instantaneously with changes in blood pressure. In this mini-review, we discuss two main approaches for handling the blood pressure dependence of PWV: (1) converting PWV into a pressure-independent index, and (2) correcting PWV per se for the pressure dependence. Under option 1, we focus on cardio-ankle vascular index (CAVI). CAVI is essentially a form of stiffness index β -CAVI is estimated for a (heart-to-ankle) trajectory, whereas β is estimated for a single artery from pressure and diameter measurements. Stiffness index β, and therefore also CAVI, have been shown to theoretically exhibit a slight residual blood pressure dependence due to the use of diastolic blood pressure instead of a fixed reference blood pressure. Additionally, CAVI exhibits pressure dependence due to the use of an estimated derivative of the pressure-diameter relationship. In this mini-review, we will address CAVI's blood pressure dependence theoretically, but also statistically. Furthermore, we review corrected indices (CAVI 0 and β 0 ) that theoretically do not show a residual blood pressure dependence. Under option 2, three ways of correcting PWV are reviewed: (1) using an exponential relationship between pressure and cross-sectional area, (2) by statistical model adjustment, and (3) through reference values or rule of thumb. Method 2 requires a population to be studied to characterise the statistical model, and method 3 requires a representative reference study. Given these limitations, method 1 seems preferable for correcting PWV per se for its blood pressure dependence. In summary, several options are available to handle the blood pressure dependence of PWV. If a blood pressure-independent index is sought, CAVI 0 is theoretically preferable over CAVI. If correcting PWV per se is required, using an exponential pressure-area relationship provides the user with a method to correct PWV on an individual basis.
Arterial Stiffness
The Recommendations for Improving and Standardizing Vascular Research on Arterial Stiffness by the American Heart Association have formulated several future needs in the field of arterial stiffness [1] . One of these needs is the development of therapeutic interventions to reduce arterial stiffness. Two potential interventions to reduce arterial stiffness are currently available: (1) blood pressure-lowering drugs, acting indirectly on the arterial wall by reducing cyclical pressure load, and (2) interventions that act directly on the arterial wall.
When assessing interventions of the first category, care should be taken since blood pressure is an intrinsic determinant of (carotid-femoral) pulse wave velocity (PWV), the gold standard for assessing arterial stiffness [2] [3] [4] . Therefore, the design as well as the outcome of studies investigating the effect of blood pressure-lowering drugs on the arterial wall require careful consideration of the intrinsic dependence of PWV on blood pressure. This emphasises that independent quantification of arterial stiffness is not trivial, and that a change in measured PWV cannot be directly and unambiguously interpreted as a change in intrinsic arterial wall stiffness. In particular, the intrinsic material stiffness of the arterial wall (i.e., the incremental elastic modulus) itself depends on pressure [5] . We recently set out to quantitatively assess the physiological confounders of PWV [1] , investigating the magnitude of their effect and ways to correct for them. These confounders included blood pressure [6] [7] [8] , heart rate [9, 10] , and axial stretch [11] . This mini-review will concentrate on blood pressure as a confounder of PWV, and will discuss several options to deal with the confounding effect. Arterial stiffness measures that are not PWV-based (e.g., ambulatory arterial stiffness index [12] , augmentation index [13] ) or those based on the comparison of multiple PWVs at different sites (e.g., PWV ratio [14] [15] [16] ) are outside the scope of this mini-review.
Options for Handling the Pressure Dependence of Arterial Stiffness
Current recommendations by the American Heart Association [1] emphasise blood pressure as a confounder of PWV. PWV has long been known to change with blood pressure [2, 3] . Because of this dependence, PWV must be corrected for blood pressure if one wishes to assess arterial stiffness independently. There are two main options to accomplish this: (1) by converting PWV into another dimensionless measure that is blood pressure-independent, or (2) by correcting for the pressure dependence of PWV, but keeping PWV as the output measure, which is still in m/s. This mini-review will first focus on the conversion of PWV into blood pressure-independent indices (option 1). Subsequently, correction of PWV will be briefly discussed (option 2). In 2006, Shirai et al. [17] proposed CAVI. CAVI is a measure of the stiffness of the heartto-ankle vascular bed, and is based on the PWV along this trajectory. Estimated PWV is converted into CAVI as follows:
where P s and P d are systolic and diastolic blood pressures, and ρ is the blood mass density [17, 18] . Pressures, PWV, and ρ should be entered into equation 1 in units of Pa, m/s, and kg/ m 3 , respectively to ensure dimensional correctness. Fukuda Denshi (Tokyo, Japan), the company that has patented CAVI, also produces a device ("VaSera") that can directly measure and calculate CAVI in humans. CAVI as output by the VaSera device (CAVI VS ) is related to CAVI from equation 1 as follows: CAVI VS = a × CAVI + b , where a and b are proprietary constants [17] .
CAVI is based on the observation by Hayashi et al. [19] that blood pressure and arterial diameter relate exponentially. The exponential pressure-diameter relation, when combined with the Bramwell-Hill equation that relates PWV to changes in blood pressure and diameter [20] , yields equation 1. Although named "cardio-ankle," the CAVI formula can equally well be applied to any PWV measurement in pulsatile pressure vessels, including the carotid-femoral PWV [21] . For a comprehensive overview of CAVI literature, the reader is referred to the reviews by Asmar [22] , Shirai et al. [23, 24] , Saiki et al. [25] , and Miyoshi and Ito [26] .
Dependence of CAVI on Blood Pressure: Statistical Observations
CAVI is claimed to be a blood pressure-independent measure. Several studies have investigated CAVI's dependence on blood pressure [17, [27] [28] [29] [30] [31] [32] . Some of these studies assessed the blood pressure dependence cross-sectionally, with some showing a significant blood pressure dependence of CAVI [27] and others not showing a dependence [17] . As indicated by Shirai et al. [23] , results from such cross-sectional studies do not necessarily translate to CAVI's blood pressure dependence at the time of measurement. In fact, a cross-sectional correlation between CAVI and blood pressure may be caused by hypertensive patients actually having stiffer arteries, and not by an intrinsic blood pressure dependence [33] .
Subsequent studies have investigated CAVI's blood pressure dependence longitudinally [28, 29, 31, 32] . Shirai et al. [28] studied the response of CAVI to two blood pressurelowering agents: metoprolol, a β 1 receptor blocker, and doxazosin, an α 1 receptor blocker. Metoprolol, decreasing blood pressure through decreasing cardiac output, is thought not to have much effect on vascular tone, whereas doxazosin will cause vasodilatation. Shirai et al. [28] found that CAVI did not change with blood pressure reduction by metoprolol, but did change with doxazosin. From this study, they concluded that CAVI is blood pressure-independent, a conclusion that is recapitulated in Shirai et al. [29] . However, a limitation of this study appears to be that it was performed in only 12 subjects. Therefore, the observation that metoprolol did not change CAVI cannot be interpreted as a proof that CAVI does not change with blood pressure, because such a study may lack statistical power [30] . 1 In 2015, Lim et al. [31] assessed variation of CAVI during various blood pressure interventions (head-up/headdown tilt, mental stress, isometric handgrip exercise, cold pressor test). They found a substantial dependence of CAVI on mean blood pressure, with blood pressure changed using an isometric handgrip exercise (after heart rate correction), as well as an overall heart rate dependence. However, this dependence may have been caused by a change in autonomic nervous activation caused by the handgrip exercise, which could have modulated the vascular tone of the cardio-ankle vascular bed. Ibata et al. [32] studied the short-term response of CAVI to physical exercise. With exercise and the corresponding increase in blood pressure, CAVI was found to increase significantly. Again, in this study, the observed blood pressure dependence may have been caused by a change in vascular tone due to autonomic nervous activation.
Dependence of CAVI on Blood Pressure: Theoretical Underpinning
The previous paragraph focussed on CAVI's blood pressure dependence from a statistical point of view. In a recent Journal of Hypertension publication, we studied CAVI's relationship to blood pressure from a theoretical standpoint [7] . We showed that, on a theoretical basis, the use of equation 1 to obtain CAVI does not yield a fully pressure-independent index. In short, the derivation of this equation results in a pressure dependence in two ways:
(1) CAVI is essentially a form of arterial stiffness index β. The derivation of stiffness index β is based on findings by Hayashi et al. [19] that the relationship between arterial pressure ( P ) and diameter ( d ) is exponential:
where [34] . The resulting exponent (β) is not equal to β 0 . This causes what is supposed to be a fixed reference pressure ( P ref ) to vary with blood pressure. Consequently, β also varies with blood pressure. As CAVI is essentially a form of β, this blood pressure dependence is also present in CAVI [7] . Segers [35] (2) The underlying Bramwell-Hill equation uses a coarse, linear approximation of the derivative of the arterial pressure-diameter relationship, whereas an exact derivative of pressure to diameter can be analytically derived from equation 2, which can subsequently be evaluated in the diastolic point.
In a simulation study ( n = 161), simulating the effects of blood pressure-lowering medication on CAVI, we showed that the pressure dependence of CAVI can lead to erroneous conclusions about an intrinsically de-stiffened arterial wall, even in controlled intervention trials. As emphasised by Segers [35] , the order of magnitude of our simulated effect is equal to the differences found in some intervention studies that use CAVI as an arterial stiffness measure [36] . This indicates the importance of being aware of this theoretical blood pressure dependence, as CAVI is increasingly being used to assess blood pressure-independent effects on arterial stiffness [22] [23] [24] [25] [26] .
Correcting the Theoretical Dependence of CAVI on Blood Pressure: CAVI 0
To overcome the problem of CAVI's blood pressure dependence, we derived an updated index that is theoretically pressure-independent: CAVI 0 [7] . CAVI 0 is based on β 0 , as opposed to CAVI that is based on (Kawasaki's) β:
As CAVI 0 is based on β 0 , CAVI 0 does not show the "varying reference pressure-induced" blood pressure dependence that CAVI shows. Furthermore, we used the exact diastolic derivative of the pressure-diameter relationship which is consistent with using PWV, i.e., wave velocity at diastolic pressure, as a measured input. Taken together, this yielded the following equation for CAVI 0 :
Pressures, PWV, and ρ should be entered into this equation in units of Pa, m/s, and kg/m 3 , respectively to ensure dimensional correctness. The use of CAVI 0 and β 0 requires the use of a reference pressure ( P ref ). It is important that one, fixed value for P ref is chosen for all subjects in a study. The numerical value of P ref that is chosen is a matter of standardisation or consensus; P ref does not represent a physiological pressure [7] . Following Hayashi et al. [19] , we proposed to use P ref = 100 mm Hg in all subjects, in all studies. This ensures maximum comparability between β 0 and/or CAVI 0 values among studies.
In the aforementioned simulation study, we also tested CAVI 0 , and found no blood pressure dependence of CAVI 0 [7] . We would like to emphasise that the derivation and simulation of CAVI 0 were performed under the assumption that the relationship between arterial pressure and diameter is truly exponential, an assumption that was also used by the developers of the original CAVI [17] . In summary, CAVI 0 is an index of similar complexity as CAVI, but with less simplifying assumptions to be made for its derivation. In this light, we propose that CAVI 0 is preferable over CAVI. The proposal of CAVI 0 is relatively recent at publication of this mini-review, and it remains for population studies and retrospective application of the index to be studied to quantify the degree to which the blood pressure independence as seen in terms of theory has a practical advantage over CAVI.
Option 2: Correcting PWV per se
As mentioned previously, PWV per se can also be corrected for blood pressure. This can be accomplished in several ways, including: (1) correcting PWV based on a blood pressure dependence derived from an exponential relationship between pressure and cross-sectional area; (2) correcting PWV for blood pressure on a statistical basis; and (3) using reference values or a rule of thumb to correct PWV.
Method 1 gives direct insight into the magnitude of the pressure dependence of PWV. We used this method to correct local carotid PWVs in a population of hypertensives that were measured before and after hypertensive treatment [6] . In this study, we found that the predicted change in PWV due to blood pressure lowering (assuming an exponential pressurearea relationship) was of equal magnitude as the measured change. This suggests that during the follow-up period in this study (3 months) , no arterial remodelling took place in the artery assessed using PWV (the carotid artery in this case). We further assessed the performance of this method in a data set of subjects that were treated using antiangiogenic drugs [8] . In the same study, we also compared method 1 to a purely statistical approach (method 2). The numerical results of these approaches were similar. Although commonly used in research studies, a statistical approach is only applicable if a population or a group of subjects is studied, i.e., it is not applicable in individuals. A possible solution to this problem is to relate a PWV measurement to a blood pressure-specific reference value, e.g., from the Reference Values for Arterial Stiffness' Collaboration 2010 study [37] (method 3). Nonetheless, the values in this reference values study represent both acute and (long-term) remodelling effects of blood pressure on PWV [33] . Therefore, the reference values from the Reference Values for Arterial Stiffness' Collaboration 2010 do not independently quantify the physiological confounding effect of blood pressure on PWV.
Theoretically, a generic, population-based statistical model could be constructed of the intrinsic pressure dependence of PWV, as a function of age and other potential confounders such as diabetic status. Construction of such a model would require measurements of the acute pressure dependence of PWV (e.g., by manipulating blood pressure through metoprolol). Notably, the resulting statistical model would differ from the model as presented for example by the Reference Values for Arterial Stiffness' Collaboration [37] . As discussed in the previous paragraph, in the latter study, no distinction was made between acute and (longterm) remodelling effects of blood pressure on PWV, resulting in a statistical model that describes both these effects.
A very simple type of "reference value" is a rule of thumb. As presented in Spronck et al. [6] , PWV changes by approximately 1 m/s per 10 mm Hg change in diastolic blood pressure. Using such a rule of thumb has the clear advantage of being easily applicable in the clinic. However, the mentioned paper also shows that the actual pressure dependence of PWV is age-specific [6] .
In our analysis [6] , a change in blood pressure from 120/80 to 160/90 mm Hg leads to a change in PWV of 0.9 m/s in subjects with a mean age of 41 years, but to a change of 1.3 m/s in subjects with a mean age of 64 years. These numbers are slightly lower than those calculated from the Reference Values for Arterial Stiffness' Collaboration 2010 data [37] . This difference might be caused by the remodelling effect of high blood pressure on arterial stiffness.
Given the limitations of methods 2 and 3, method 1 seems preferable for calculating the acute effect of blood pressure on PWV.
Which Blood Pressure Component to Use for Statistical Correction of PWV?
When correcting for blood pressure statistically (method 2), one has to choose which blood pressure component (diastolic, mean, systolic blood pressure, or pulse pressure) to use for correction. Current recommendations state that mean arterial pressure should be taken into consideration when PWV data are analysed [1] .
Several studies [38] [39] [40] assessed the relationship between PWV and these blood pressure components cross-sectionally. They found a significant correlation of PWV with all pressure component measures except diastolic blood pressure. Sa Cunha et al. [41] report a correlation between PWV and systolic blood pressure for both genders, and a correlation between PWV and diastolic blood pressure only in women. In contrast, Nürnberger et al. [42] only report a correlation between PWV and diastolic blood pressure. What all these studies have in common is that they assessed the association between PWV and blood pressure cross-sectionally. As explained previously in the context of CAVI, the relationship that is obtained in this way may not reflect the acute effect of blood pressure on PWV.
Theoretically and empirically, it can be shown that PWV varies with diastolic blood pressure [2, 3, 43, 44] , since the velocity measurement is conventionally made using the diastolic foot of the pressure wave as the fiducial reference point. Therefore, the propagating pulse wave in this context "sees" the diastolic pressure. In other words, the front of the pressure wave travelling to the periphery encounters an arterial section that is (still) at diastolic blood pressure.
As is clear from the above, the question of which blood pressure component to use for correction of PWV can be approached from (1) a cross-sectional, population perspective or (2) an acute, mechanistic perspective. If one wishes to correct a measurement set on a statistical basis for the influence of blood pressure, mean, systolic, and diastolic blood pressure are all good candidates, depending on the application and population subtype. If, on the other hand, one wants to remove the acute effect of blood pressure on a PWV measurement in an individual subject, (the subject's own) diastolic blood pressure is a well-founded choice.
Summary
Several options are available to handle the blood pressure dependence of PWV, all having their pros and cons. If a blood pressure-independent index is preferable, we propose that CAVI 0 is, at least theoretically, preferable over CAVI in terms of pressure independence. Whether this theoretical benefit also translates to the clinical practice remains to be confirmed. If correcting PWV per se is required, using an exponential pressure-area relationship provides the user with a method to correct PWV on an individual basis.
